underlying ocean/land, surface heat fluxes due to turbulence, complex chaotic atmospheric motions near the earth's surface, account for about 60 percent of the net solar radiation energy received at the earth's surface (Kiehl and Trenberth 1997) . Since the ocean covers about 70 percent of the earth's surface and its heat capacity is approximately 1000 times larger than that of the atmosphere, the surface heat fluxes over the ocean play an important role in the earth's climate formation and its variability.
Among the oceans, the tropical western Pacific is known as one of the most convectively active regions on the planet because of its warm sea surface temperature (SST), which is normally higher than 28°C. A strong coupling between the atmosphere and the ocean over the tropical western Pacific warm pool is, therefore, thought to induce important variations in the earth's climate. A westerly intensification over the tropical Pacific prior to El Niño events is one of such striking phenomena (e.g., Luther et al. 1983; McPhaden et al. 1988 ). The atmosphere-ocean coupling occurs through the surface turbulent heat fluxes, which are parameterized by the so-called bulk aerodynamic method in atmospheric general circulation models (GCMs) and coupled atmosphere-ocean models, since the horizontal grid size of these models is not small enough to resolve turbulent motions near the earth's surface explicitly. The response of the models to SST variations, however, is known to be very sensitive to changes in the parameterizations of the surface heat fluxes (Miller et al. 1992; Wang et al. 1996) , and realistic simulations using the coupled atmosphere-ocean models have not been made in a fully satisfactory manner, especially in the tropical western Pacific where the weak surface winds prevail and the SST is high (Zhang 2005) .
In the tropical western Pacific, observational studies indicate that the SST is typically 1.0-1.5 K warmer than the surface atmospheric temperature, and thus heat is usually transferred from the ocean to the atmosphere (Young et al. 1992 (Young et al. , 1995 Fairall et al. 1996b) . Similarly, since the saturated water vapor mixing ratio for the SST is higher than the atmospheric mixing ratio near the surface, water vapor is also transferred from the ocean to the atmosphere. Although both the sensible heat flux (SHF) and latent heat flux (LHF) remain little changed for most of the time, their enhancements associated with precipitating cloud systems do occur occasionally (e.g., Young et al. 1992 Young et al. , 1995 Saxen and Rutledge 1998) . During the Tropical Ocean Global Atmosphere Coupled OceanAtmosphere Response Experiment (TOGA COARE; Webster and Lukas 1992), Young et al. (1995) found an enhancement of SHF and LHF by 300 and 50-100 percent, respectively, in the wake of convective events in the tropical western Pacific. They attributed the enhanced LHFs to increased wind speeds resulting from convectivescale downdrafts, while the enhanced SHFs to reduced air temperatures as well as the increased wind speeds. Saxen and Rutledge (1998) investigated how three types of convective systems, which were identified with radar reflectivity data by Rickenbach and Rutledge (1998) during the TOGA COARE, modify the surface fluxes of heat, moisture, and momentum. In the tropical Atlantic region, the modifications of surface heat fluxes by convective systems were also observed during the GARP (Global Atmospheric Research Program) Atlantic Tropical Experiment (GATE; e.g., Gaynor and Ropelewski 1979; Johnson and Nicholls 1983) . Esbensen and McPhaden (1996) used longterm hourly observations (more than one year) of surface meteorological data from buoy moorings over the equatorial Pacific to estimate mesoscale enhancements of monthly averaged SHF and evaporation by atmospheric mesoscale systems. They found that the magnitude of the mesoscale enhancements of monthly averaged sea surface evaporation is ～10 percent or less of the total. They also found that, during occasional periods with weak and variable winds over the western Pacific warm pool, the mesoscale enhancements of monthly averaged evaporation can reach 30 percent of the total evaporation. Furthermore, Wu and Guimond (2006) performed two-and threedimensional cloud-resolving model simulations to quantify the enhancement of SHF and LHF by tropical precipitating cloud systems for 20 days during the TOGA COARE.
Although there has been increasing observational evidence that precipitating clouds do enhance surface fluxes (Gaynor and Ropelewski 1979; Johnson and Nicholls 1983; Young et al. 1992 Young et al. , 1995 Saxen and Rutledge 1998) , their contribution to the total accumulated surface heat fluxes during a long observational period is poorly investigated, due in part to the lack of direct observations. As mentioned above, Esbensen and McPhaden (1996) investigated the contribution of the mesoscale enhancements of the surface heat fluxes. They, however, used two simple temporal averaging methods, which are "sampling method" and "classical method" (Esbensen and Reynolds 1981) , to obtain the enhancements. Thus, their results include the mesoscale enhancements not only due to precipitating clouds but also due to non-precipitating phenomena.
A variety of marine meteorological elements have been measured aboard the R/V Mirai for a total of 74 days during four observational cruises at a nearly stationary position (2°N, 138°E). This position is located within the western Pacific warm pool region, and the observational periods are long enough to cover a wide range of meteorological phenomena: undisturbed conditions, isolated convection, a variety of mesoscale convective systems, and convectively active and suppressed phases of the Madden-Julian oscillation (MJO; Madden and Julian 1971 , 1972 , 1994 in El Niño, La Niña or normal years. Ship measurements are also advantageous because the sensors are well maintained by onboard scientists or technicians so that reliable measurements can be obtained. In this paper, using these datasets, we present statistical characteristics of SHFs and LHFs observed in the tropical western Pacific. To our knowledge, the present study is the first attempt to use the radar reflectivity data to estimate surface flux enhancements accompanied by precipitating cloud systems over the tropical ocean, and to demonstrate their significant impact on the surface heat fluxes on the long-range time-scale basis.
The paper is organized as follows. Section 2 describes the data used in this study. The results of the statistical analysis are presented in Section 3. The results are discussed in Section 4. Conclusions are presented in Section 5.
Data
In this study, we have used datasets from four cruises of the R/V Mirai, which belongs to Japan Agency for Marine-Earth Science and Technology (JAMSTEC): MR00-K07 during 29 November-10 December 2000 (12 days), MR01-K05 during 9 November-8 December 2001 (30 days), MR02-K06 during 22 November-11 December 2002 (20 days), and MR04-01 during 3-14 March 2004 (12 days) . Figure 1 shows time-longitude cross-sections of infrared equivalent blackbody temperature (hereafter denoted by TBB) averaged for latitudes between 1°N and 3°N during two months including the periods of the four cruises. The hourly TBB data were derived from the infrared data of the Japan Geostationary Meteorological Satellite-5 (GMS-5) and Geostationary Operational Environment Satellite-9 (GOES-9). The spatial resolution of both the GMS-5 and GOES-9 data archived by Kochi University is 1/20 degree.
The observational period of MR00-K07 is in the Northern autumn after La Niña 1 and corresponds to the transition period from convectively active to suppressed phases of the MJO (Fig. 1a) . The periods of MR01-K05 and MR04-01 are normal years (none of El Niño and La Niña years) and the transition period from convectively suppressed to active phases of the MJO (Fig. 1b, d ). The period of MR02-K06 is in the El Niño year and the transition period from convectively active to suppressed phases of the MJO, although most of its observational period is convectively inactive phase where convection is suppressed (Fig. 1c) . The cruises were planned to study the air-sea heat exchange process and structures of the atmosphere and the ocean in the tropical western Pacific. Descriptions of the four cruises with observing strategies, instrumental information and reviews of the collected data are available (JAMSTEC, 2000 (JAMSTEC, , 2001 (JAMSTEC, , 2002 (JAMSTEC, , 2004 . The general features of moisture field and related variables for the two cruises (MR00-K07 and MR01-K05) were reported by Yoneyama (2003) .
The R/V Mirai has an anemometer and a rain gauge at 24 m MSL (Mean Sea Level), two thermometers and two dew-point hygrometers at 21 m MSL, a barometer at 13 m MSL, downwelling shortwave and longwave radiometers at 25 m MSL, and a thermometer to measure SST at a depth of 5 m below the sea surface by an intake method. These instruments record 1-min mean values. For wind measurements 1-min averaged vectorial winds are obtained. Sea surface turbulent fluxes of sensible and latent heat have also been measured by the eddy correlation method that is believed to be the most accurate and free from assumptions (For details of the surface turbulent flux system, see Takahashi et al. (2005) ). The flux data contain 1-hour mean values except for MR01-K05 with 3-hour mean values.
A C-band Doppler radar using microwaves of 5
1 In this paper, we adopted the Japan Meteorological Agency definition of El Niño and La Niña (see Trenberth 1997) .
cm wavelength has also been continuously operated during the observational periods. Reflectivity volume scans are analyzed at 10-min intervals. The reflectivity data are interpolated from polar to Cartesian coordinates to a 1-km horizontal, 0.5-km vertical grid with the grid origin fixed in space at the position of the R/V Mirai. All subsequent analyses are performed at a constant altitude of 2 km MSL with 10-min intervals. These radar reflectivity data are used to calculate the fractional area occupied by radar echo stronger than 15 dBZ within ranges with circles of 10-, 20-, 30-, 40-, 50-, 60-, 70-, 80-, 90- , and 100-km radius. In this paper, this fractional area is regarded as that of precipitating clouds. Radiosonde measurements, which were taken at 3 hour intervals during the cruises, are used to determine mixed layer depths (see Appendix A).
Results

SST and wind conditions
Since this study focuses on the behavior of surface heat fluxes modified by precipitating cloud systems, which range from isolated cumuli to large cloud clusters, the flux data with sufficient temporal resolution are needed. For instance, an isolated cumulonimbus has a relatively short lifetime of 30 minutes-1 hour, so that the timescale of flux variation may be less than or on the order of its lifetime. This is the reason why continuous time series of 10-min flux data are to be calculated by applying an updated version (version 3.0b) of the TOGA COARE bulk flux algorithm (Fairall et al. 1996b (Fairall et al. , 2003 to surface data obtained aboard the R/V Mirai. The algorithm was developed and calibrated with the TOGA COARE surface flux dataset to improve the representation of surface fluxes in the unstable weak surface wind conditions, which are often found over the western Pacific warm pool region. The algorithm includes a model of a warm layer in the upper few meters of the ocean, where solar radiation causes a significant warming relative to the deeper mixed-layer temperature. It also includes a model of a cool skin layer in the upper few millimeters of the ocean caused by the combined cooling effects of net longwave radiation, SHF, and LHF, thus giving an improved estimate of the interfacial SST (Fairall et al. 1996a ). The warm layer correction depends on the depth of the thermometer for estimating SST. The shallower the thermometer is, the smaller the correction is. Since the present sea water temperature data have been measured at the depth of 5 m below the sea surface, the warm layer model as well as the cool skin one is required to obtain more accurate interfacial temperature. In this paper, the corrected SST is referred as skin SST, while the SST measured by intake method as bulk SST. For the four datasets used in this study, the warm layer corrections are less than 2.5°C and the cool skin ones are less than 0.5°C. The TOGA COARE bulk flux algorithm has been used by a number of observational and modeling studies to examine surface heat fluxes in the tropical Pacific (e.g., Wang et al. 1996; Saxen and Rutledge 1998; Wang and McPhaden 2001) . Furthermore, a simplified form of this algorithm has also been adopted to parameterize surface heat fluxes in numerical models (Liu and Moncrieff 2004; Wu and Guimond 2006) . The TOGA COARE domain is characterized by light surface wind and high SST (e.g., Weller and Anderson 1996) . Figure 2 shows frequency distributions of 10-min averaged bulk SST and wind speed for the four cruises. The bulk SST ranges from 28 to 31°C with a mean of 29.4°C. The fractional frequency of bulk SST greater than 29°C is 84 percent. On the other hand, the surface wind speed ranges from 0 to 18 m s -1 with a mean value of 5.3 m s -1 . The surface wind below 5 m s -1 occupies nearly half of the time. The fraction of the surface wind speed greater than 10 m s -1 is small for all the four cruises: 12 percent for MR00-K07, 9 percent for MR01-K05, 0 percent for MR02-K06, and 2 percent for MR04-01. Since the present data are characterized by relatively weak surface wind and high SST conditions, which are similar to the characteristics of the TOGA COARE data, the TOGA COARE bulk flux algorithm is used to calculate surface heat fluxes.
Time series of surface heat fluxes
Using 10-min average data of air pressure, temperature, humidity, scalar wind speed, rain rate, downwelling shortwave and longwave radiation at the surface, and sea temperature at the depth of 5 m, SHFs and LHFs were calculated by the TOGA COARE bulk flux algorithm. Both fluxes were also computed from 1-min average data, but these data are not discussed here because the results exhibited no appreciable difference from those obtained for 10-min average data. . In the undisturbed conditions defined below (Subsection 3.5), the temporal frequency with SHF (LHF) less than 10 (150) W m -2 is 98 (91) percent. It is evident that both the SHF and LHF are directed from the ocean to the atmosphere for most of the observational periods. Both fluxes are almost relatively steady except for sporadic increases. Mean for all the four cruises data, respectively. Figure 4 shows histograms and cumulative fraction curves 2 of the SHF and LHF. The cumulative fraction curves show how much percentage of the total accumulated fluxes are contributed by the fluxes less than the value on the horizontal axis. Although the temporal frequency of SHF larger than 10 W m -2 is only 15 percent, 57 percent of the total accumulated SHF is contributed by SHF larger than 10 W m -2 ( Fig. 4a ). At each of the cruises (Table 1) , the temporal frequency of events with SHF larger than 10 W m -2 ranges between 12 and 26 percent and they contribute to 65-72 percent of the total accumulated SHF for each cruise except for MR02-K06. Note that the observation for MR02-K06 was performed during a convectively suppressed period as described in Section 2.
The frequency of LHF between 50 and 150 W m -2 occupies 77 percent, whereas that of LHF larger than 150 W m -2 only 17 percent (Fig. 4b) . Nevertheless, the events with LHF larger than 150 W m -2 explain 29 percent of the total accumulated LHF. The results reveal that occasional events with large surface heat fluxes contribute to the total accumulated heat fluxes significantly.
Mechanism for surface heat flux enhancements
Figure 4 also shows that the frequency distribution for the SHF has a different shape from that for the LHF, although both are enhanced simultaneously as shown in Fig. 3 and have a good correlation of 0.64. Table 2 shows statistics (mean, standard deviation, skewness, and kurtosis) of SHF, LHF, surface wind speed, U△T, and U△Q for the four cruises, where U is the surface wind speed, △T and △Q are the differences of temperature and mixing ratio between the sea surface and the surface atmosphere, respectively. Skewness for all variables are positive, showing that they are characterized by large positive (small negative) values with shorter (larger) durations. In particular, the SHF and U△T are more strongly skewed than LHF is. On the other hand, kurtosis for all variables are positive, showing that their distributions are leptokurtic. Note that the SHF and U△ T are more leptokurtic than the LHF, the surface wind speed, and U△Q are. In terms of skewness and kurtosis the distribution of the SHF is hence 2 In this paper, the cumulative fraction is defined by
in unit of percent, where x is SHF or LHF, x max a maximum of x, and f probability density function. close to that of U△T while that of the LHF is close to that of the wind speed. This implies that the mechanism for the SHF enhancements is different from that for the LHF ones. In order to investigate this difference, a perturbation analysis is performed on the bulk formulas for the SHF and LHF. As the TOGA COARE bulk flux algorithm is complex, simplified equations will be used to perform the perturbation analysis. The equations for SHF and LHF can be expressed as
and
where ρ a is the density of the surface moist air, C pm the specific heat of moist air at constant pressure, T SST the skin SST, T a the surface atmospheric temperature, L h the latent heat of vaporization, Q SST the saturated mixing ratio for T SST
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, Q a the surface atmospheric mixing ratio, and C a constant (for simplicity, C = 10 -3 ). Throughout MR00-K07 cruise, the SHF and LHF calculated by the TOGA COARE bulk flux algorithm highly correlated with SHF and LHF defined by Eqs. (1) and (2), respectively: their correlation coefficients are 0.99 and 0.99 for SHF and LHF, respectively. As both are close to one, the perturbation analysis is performed with Eqs. (1) and (2). Variables, say X, in Eqs.
(1) and (2) are decomposed into two parts: mean values X for relatively undisturbed conditions and perturbations X´ from the mean ones (X = X + X´). Using data to satisfy conditions that no radar echo exists within 100-km range at an altitude of 2 km MSL and no rain has been recorded on the R/V Mirai, the variables were averaged: mean wind speed is U = 2.6 m s -1 , mean temperature difference △T = 0.7°C, and mean water vapor mixing ratio difference △Q = 7.6 g kg -1 . Mean SHF and LHF are also 2.0 W m -2 and 78.4 W m -2 , respectively. Substitution of U = U + U´, △T = △T + △T´, and △Q = △Q + △Q´ into Eqs. (1) and (2) leads to the following relations for the SHF and LHF:
The first terms ((i), (v)) on the right-hand side indicate the contribution of the mean components to the SHF and LHF, respectively. The second terms ((ii), (vi)) represent the contribution of the mean wind and perturbation temperature (mixing ratio) difference, while the third terms ((iii), (vii)) that of the perturbation wind and the mean temperature (mixing ratio) difference. The last terms ((iv), (viii)) account for nonlinear effects associated with perturbation wind speed and perturbation temperature (mixing ratio) difference. Figure 5 shows time series of the terms on the right-hand side of Eqs. (3) and (4) during 3-7 December 2000 for MR00-K07 cruise, which was in a convectively active phase before about 12 UTC 5 December 2000 and in a suppressed phase after that (Fig. 1a) . The surface heat fluxes are much greater for the active phase than for the suppressed phase. For the enhancements of SHF, term (iv) is the primary contributor. Terms (ii) and (iii) are relatively small but the sum of these two terms has nearly the same contribution as 3.0 term (iv) to the total enhancement. Thus, significant enhancements of the SHF are due to the combined effects of increased wind speeds and large air-sea temperature differences caused by distinct drops in surface air temperature (Note that the variations of skin SST are much smaller). On the other hand, the enhanced LHFs are due almost entirely to increases in the wind speed (term (vii)). The contributions from both terms (vi) and (viii) are negligible in comparison with term (vii). The above features of the SHF and LHF enhancements are qualitatively consistent with results of MR01-K05, MR02-K06, MR04-01 (not shown), and the previous observational study by Young et al. (1995) and numerical simulations by Jabouille et al. (1996) during the TOGA COARE. Thus, the manner how the SHF and LHF enhance explains the difference in frequency distributions of the SHF and LHF.
3.4 Relationship among surface heat flux enhancements, rainfall events, and boundary layer structure As described in the previous subsection, the surface heat fluxes are enhanced through increases in wind speed and air-sea temperature differences. The events with enhanced fluxes correspond very well with time when the echo area ratio, defined by the ratio of echo area over 15 dBZ to the radar observational area, within 100-km range at an altitude of 2 km MSL is not zero (Fig. 3) . In order to explore the dependence of the surface heat fluxes on the echo area ratio, the mean SHF and LHF values are plotted against each 10 percent bin of the echo area ratio within 20-, 40-, 60-, 80-, and 100-km range at an altitude of 2 km MSL which are shown in Fig. 6 . It is found that the mean SHF and LHF increase with increasing the echo area ratio. By applying a least square linear fit to the SHF and LHF values for the echo area ratios within 10-, 20-, 30-, 40-, 50-, 60-, 70-, 80-, 90-, and 100-km range, we obtain the following significant relations (at the 95 % confidence level): mean SHF = 0.561r a + 3.8 W m -2 , and mean LHF = 1.521r a + 111.4 W m -2
, where r a (in percent) is the ratio of echo area having reflectivity larger than 15 dBZ at an altitude of 2 km MSL to the radar-observed area. These relationships show that each 20 percent increase in the echo area ratio leads to increases in the SHF and LHF by about 11 and 30 W m -2 , respectively. The scatter of both mean flux values, however, is large for the echo area ratio larger than 60 percent. Furthermore, the mean fluxes for larger radar observation range tend to be larger for the same echo area ratio. For large echo area ratio within large radar observation range, one would expect a larger precipitating cloud system, thus causing more surface fluxes. Figure 3 also indicates that appreciable enhancements of both the SHF and LHF occur when a mixed layer does not exist, where radiosonde data taken at 3-hour intervals during the cruises are used to determine whether a mixed layer existed or not. Soundings having no mixed layer are indicated by solid circles in the upper part of Fig.  3 (the detailed procedure to determine the mixed layer depth is described in Appendix A). Twenty three percent of the total 591 soundings did not show a mixed layer structure (32% for MR00-K07, 26% for MR01-K05, 9% for MR02-K06, and 29% for MR04-01). It is comparable to the results of 21 percent for 703 soundings of the GATE (Fitzjarrald and Garstang 1981) and 28 percent for 1283 soundings of the TOGA COARE (Johnson et al. 2001) . Provided that SHF and LHF for a radiosonde that was launched at t rad are averaged over a period between t rad -30 min and t rad + 30 min, mean SHF and LHF for non-mixed layer soundings are 12.7 and 138.3 W m -2 , respectively. Figure 7 shows mean SHF and LHF for mixed layer depths in each 50 m bin for the four cruises. The mean mixed layer depth during the observational periods is 474 m, which is slightly shallower than that of 512 m during the TOGA COARE (Johnson et al. 2001) and greater than that of 424 m during the GATE (Fitzjarrald and Garstang 1981) . It is found that both the mean SHF and LHF when a mixed layer does not exist are larger than those when a mixed layer is detected, respectively.
Contribution of surface heat flux associated
with precipitating clouds to the total flux In this subsection, the contribution of surface heat flux associated with precipitating clouds to the total accumulated surface heat fluxes during the four observational periods is examined. Here, the contribution is defined as where X is mean SHF or LHF, f frequency, and the subscripts d and u denote those variables under disturbed and undisturbed conditions, respectively. Though there is some arbitrariness with respect to how one defines a disturbed condition, here we define a disturbed condition by either r ac < r a or non-zero rain aboard the R/V Mirai, where r a is the echo area ratio at an altitude of 2 km MSL within a circle of 100-km radius and r ac is the threshold value of r a to divide the disturbed condition from the undisturbed one. The frequency of disturbed conditions as a function of r ac is then given by the dash-dotted curve in Fig. 8 . Also shown in Fig. 8 are the contributions of SHF and LHF associated with disturbed condition to the total accumulated SHF and LHF as functions of r ac . If we know the frequency of disturbed conditions, the contribution is estimated. As described in Subsection 3.4, the fractional time for which a mixed layer is not identified is 23 percent of the total observational periods. Assuming that this fractional time is regarded as that affected by precipitating clouds, the dash-dotted curve in Fig. 8 gives that the corresponding echo area ratio threshold r ac is 5.6 percent, and then the contributions of the SHF and LHF due to precipitating clouds are found to be 40 and 9 percent of the total accumulated SHF and LHF, respectively.
Dividing time series into four periods that represent preconvective, convectively active, recovery, and postrecovery phases, Saxen and Rutledge (1998) investigated the evolution of the boundary layer that was drastically affected by convective systems. Since the recovery phase is defined as a period in which a boundary layer disturbed by precipitating clouds approaches an undisturbed one 4 , this phase may also be regarded as disturbed periods due to precipitating clouds. In this late recovery phase, the boundary layers generally have shallow mixed layers. Figure 7 indicates that both mean SHF and LHF are large for mixed layer depth less than 300 m. Radar reflectivity data and rainfall data aboard the R/V Mirai indicate that 75 percent of soundings with mixed layer depth less than 300 m tend to be associated with recent precipitation events (within a few hours of observation time) (not shown). Thus, in addition to conditions with no mixed layers, those with shallow mixed layer are also included in the disturbed ones for estimating the contribution defined by Eq. (5). If we assume that the soundings without a mixed layer or with that shallower than 300 m MSL are caused by precipitating clouds, we end up with an estimate that 26 percent of the total soundings during the four cruises are influenced by precipitating convection. From Fig. 8 , the critical echo area ratio r ac is 4.6 percent, and the contributions are 41 and 10 percent for SHF and LHF, respectively. The contribution to the total SHF is different from that to the total LHF for any echo area ratio because of the difference in the enhancement mechanism as noted before. It was confirmed that the rates of the contributions depend little on the choice of radar observational radius less than 100 km. Therefore, the flux enhancements due to precipitating convective systems contribute significantly to the total accumulated fluxes in several weeks (～the timescale of the MJO). In addition, the contribution for SHF plus LHF is 12 percent (not shown). As shown in Fig. 3 , the LHF is an order of magnitude larger than the SHF. Hence, the contribution for SHF plus LHF is found to be mainly associated with that for LHF whose enhancement is primarily attributed to the enhanced wind speed (Subsection 3.3). This result supports an idea by Jabouille et al. (1996) , Redelsperger et al. (2000) , and Wu and Guimond (2006) who have attempted to develop parameterizations by taking into account the increase in wind speed due to mesoscale motions. In order to predict surface turbulent heat fluxes more accurately, however, the effects of air temperature drops should be included, because, in general, the SHF whose enhancement depends on temperature variations as well as wind speed ones plays an important role in evolution of mixed layers (Stull 1988 ).
Discussion
Events with an abrupt temperature drop and enhanced wind speed
As described in Section 3, an occasional occurrence of a convective system induces increases in wind speed and air-sea temperature differences, resulting in enhanced surface heat fluxes. In this subsection, identified are several events characterized by an abrupt temperature drop as well as a wind enhancement, which were measured at the surface aboard the R/V Mirai. Two criteria were used to select these events: 1) An abrupt temperature drop greater than 3°C occurs at the R/V Mirai within 30 minutes; 2) During 3 hours before the temperature drop, the temperature has not varied appreciably, and the vertical sounding shows a well-defined mixed layer depth. A list of 6 events that satisfy the above criteria is given in Table 3 . All of the events were accompanied by appreciable amounts of precipitation aboard the R/V Mirai and radar echo around her. A pressure rise of about 1 hPa was observed in five events except for one (Event 5), as described in the previous observational and modeling studies for cold outflow in the mid-latitude (e.g., Wakimoto 1982; Seitter 1986; Mueller and Carbone 1987; Droegemeier and Wilhelmson 1987) . Figure 9 shows an example of the event which occurred on the local morning of 5 December 2000 during MR00-K07 cruise (Event 1 in Table 3 ). The upper panel of the figure illustrates time series of surface air temperature, wind speed, SHF, LHF, mixing ratio, and rainfall intensity. Also shown in the lower panels are vertical profiles of potential temperature and mixing ratio in the lower troposphere. The numbers below each panel show △θ e , the difference of equivalent potential temperature between the surface and the minimum at the midlevel, and the mixed layer depth. The upper panel of Fig. 9 shows abrupt surface temperature drops of 4-5 K at 2104 and 2203 UTC, surface wind speed increases more than 8 m s -1 at 2058 and 2203 UTC, and mixing ratio decreases of about 3 g kg -1 at 2053 and 2203 UTC. This implies that two cold outflows passed over the R/V Mirai and contributed to increases in the surface heat fluxes: LHF became three times larger and SHF 10 times larger. As described in Subsection 3.3, both a temperature drop and wind speed increase resulted in the increases of SHF, while only wind speed increase contributed to the increase of LHF. Although the mixing ratio drop of 3 g kg -1 contributed to the LHF enhancements during very short duration (about 10 minutes), its impact on the flux as a whole is insignificant (See Subsection 3.3).
In the wake of such a convective event, the air temperature gradually increases and recovers to its undisturbed value. The recovery time based on the definition by Saxen and Rutledge (1998) for this event is 12.8 h, which is only slightly longer than the mean (9.5 h) for the MCS (mesoscale convective system)-scale linear events with extensive trailing stratiform precipitation and much longer than 2.5 and 3.5 h for MCS-scale linear events with little stratiform precipitation and sub-MCSscale nonlinear events, respectively.
The lower panel in Fig. 9 indicates profiles of potential temperature and mixing ratio at various stages: these include a preconvective condition at 1800 and 2100 UTC on 4 December, cool and dry atmospheric boundary layers in a disturbed condition at 0000 and 0300 UTC 5 December 2000, and a recovering condition at 0600 and 0900 UTC 5 December 2000. Note that the radiosonde registered at 2100 UTC 4 December 2000 was released at Table 3 is that they occurred under relatively small △θ e . Using the soundings during the MIST (MIcroburst and Severe Thunderstorm) project operated in northern Alabama (Dodge et al. 1986 ), Atkins and Wakimoto (1991) indicated that when △θ e is greater than 20°C microbursts accompanied by temperature drops tend to occur, whereas when it is less than 13°C no microbursts are observed. However, Table 3 shows that these events with wind enhancements exceeding 10 m s -1 have △θ e values less than 21°C . . Thus, the five events with wind enhancement have △θ e smaller than the mean. The heavily shaded bars in Fig. 10 indicate the case with TBB less than 270 K, where TBB is averaged over the region between 1°N and 3°N and between 137°E and 139°E. We find that the △θ e values during a convectively active phase tend to be smaller than those during a suppressed phase. In particular, △θ e values are small right after occurrence of precipitating events as shown in Fig. 9 . Over the tropical ocean, cool downdrafts due to precipitating clouds ), latent heat flux (W m -2 ), surface air mixing ratio (g kg -1 ), rain intensity (mm hour -1 ), vertical profiles of lower troposphere for potential temperature (K) (thick line), and mixing ratio (g kg -1 ) (thin line) by radiosonde data with 3-hour intervals for an event on the morning of 4-5 December 2000. Broken lines in the figures for the vertical profiles denote mixed layer depths. △ θ e is difference between surface value of equivalent potential temperature and minimum value aloft (°C), and MLD is mixed layer depth (m). Arrows indicate the time at which radiosonde measurements were made. occur frequently during convectively active phase, and △θ e values tend to be small because of the mixing in the lower troposphere.
Estimation of enhanced surface heat fluxes
Using long-term hourly surface meteorological data (more than one year) from buoy moorings over the equatorial Pacific, Esbensen and McPhaden (1996) suggested that the contribution of mesoscale enhancement to monthly averaged LHF is estimated to be ～10 percent over the equatorial Pacific Ocean. They used two temporal averaging methods ("sampling method" (F) and "classical method" (F ); Esbensen and Reynolds 1981) , to define the mesoscale enhancement as differences between two averaged fluxes (△F = F -F ) with an averaging period of 24 h. The sampling method averages 1-hour fluxes computed from 1-hour averaged values of bulk meteorological parameters to obtain 1-day averaged fluxes, while the classical one computes 1-day averaged flux from 1-day averaged bulk data. In order to calculate the mesoscale enhancements, this classical method uses the wind speed computed from 1-day averaged vector wind components, rather than 1-day averaged scalar wind speed. Using their definition, the contributions (≡(△F/F) × 100) due to mesoscale variability for data obtained by the R/V Mirai are 39 and 12 percent for SHF and LHF during the four cruises, respectively: 51 and 12% during MR00-K07, 41 and 9% during MR01-K05, 32 and 13% during MR02-K06, and 35 and 19% during MR04-01 for SHF and LHF, respectively. The contributions for SHF and LHF during the four cruises are close to those obtained in Subsection 3.5, although the method to obtain them by Esbensen and McPhaden (1996) is different from that in this paper. The contributions defined in this paper (Subsection 3.5) are calculated based on the radar reflectivity image and in situ precipitation observation at the R/V Mirai. On the other hand, Esbensen and McPhaden (1996) used simple temporal averages of time series described above. Figure 11 shows the mesoscale enhancements defined by Esbensen and McPhaden (1996) for SHF and LHF together with 1-day averaged fractional area of radar echo exceeding 15 dBZ within 100-km range at an altitude of 2 km MSL during MR00-K07 period. It is found that the mesoscale enhancements do not correspond to the echo area ratio well. This sug- Esbensen and McPhaden (1996) for SHF (solid line) and LHF (broken line) together with 1-day averaged fractional area of radar echo exceeding 15 dBZ within 100-km range at 2 km MSL (histogram).
gests that mesoscale enhancements defined by Esbensen and McPhaden (1996) include not only the effects of precipitating clouds but also those of non-precipitating phenomena such as free convection in the boundary layer.
Comparison of fluxes calculated by the TOGA
COARE bulk flux algorithm with ones obtained by eddy correlation method As described in Section 2, our automated eddy flux measurement system on board provides in situ observations of sea surface fluxes (Takahashi et al. 2005) . Since the time series of the eddy flux measurement data, however, is discontinuous owing to a quality control procedure 5 , they are not directly used in the present analysis, but are used only to compare with the flux data calculated by the TOGA COARE bulk flux algorithm. Figure 12 compares hourly averaged SHF and LHF, which are calculated from those of 10-min SHF and LHF obtained by the algorithm, with those by eddy flux measurement system. Note that the data for MR01-K05 are not included because only 3-hour mean values have been obtained. Clearly, there is considerable scatter in both cases, and neither result lies on the 1:1 line. It is found that the TOGA COARE bulk algorithm tends to underestimate both SHFs and LHFs. Thus, the quantities of both enhanced SHF and LHF and their contributions may be larger.
Conclusions
A variety of marine meteorological variables have been measured by the R/V Mirai at a nearly stationary position (2°N, 138°E) in the tropical western Pacific for a total of 74 days during four cruises. The region surrounding the observational position is characterized by weak surface winds and high SST, which are similar to the environment of the TOGA COARE region. We used an updated version of the TOGA COARE bulk flux algorithm (Fairall et al. 1996b (Fairall et al. , 2003 to calculate 10-min mean surface heat fluxes, and then examined their features statistically.
The SHF (LHF) is found to range from -8 to 106 W m -2 (from 15 to 461 W m -2 ), but remains less than 10 W m -2 (150 W m -2 ) for most of the time except for occasional short-period increases. In the undisturbed conditions defined in Subsection 3.5, the temporal frequency with SHF (LHF) less than 10 (150) W m -2 is 98 (91) percent. Although the temporal fraction of events having SHF (LHF) larger than 10 W m -2 (150 W m -2 ) is only 15 (17) percent of the entire observational period, these events account for about 57 (29) percent of the entire SHF (LHF). Thus, the events of the surface flux enhancements that occur during a small fraction of the entire observational periods have a significant contribution to the total fluxes. A statistical examination on skewness and kurtosis as well as a perturbation analysis reveals that significant enhancements of the SHF are due to the combined effects of an increased wind speed and a large air-sea temperature difference, the latter of which is attributed to distinct drops in surface air temperature, while those of the LHF are primarily due to the effect of the increased wind speed. These results are in agreement with the results by Young et al. (1995) and Jabouille et al. (1996) . The difference in the frequency distributions for the SHF and LHF is explained by the difference in their enhancement mechanism.
Based on radar reflectivity data and in situ measurements of precipitation aboard the R/V Mirai, the contribution of the enhanced SHF (LHF) associated with precipitating clouds to the total accumulated heat flux during the whole observational periods is estimated to be 41 (10) percent. Furthermore, that for SHF plus LHF is done to be 12 percent. This confirms that the enhanced flux due to precipitating clouds contributes significantly to the total surface heat fluxes in the timescale of the MJO. In addition, the different contribution for the total SHF from the total LHF is also attributed to the difference in the enhancement mechanism for the SHF and LHF. One important aspect that differs from the previous studies is that the radar reflectivity data are used to estimate surface flux enhancements accompanied by precipitating cloud systems over the tropical ocean.
In summary, a passage of a precipitating cloud system causes enhancements of surface fluxes as well as a destruction of a mixed layer. Therefore, the precipitating cloud system not only transports thermodynamic energy and water vapor from the boundary layer to the mid-and upper troposphere, but also enhances the energy transfer from the ocean to the atmosphere on short timescales. In other words, the atmosphere and the ocean strongly interact with each other through precipitating systems even if the large-scale surface wind is weak. Although the present study is made based on measurements only on a single research vessel, a wide range of meteorological phenomena are encountered, and hence the results of this study are considered to have a wide applicability to the tropical western Pacific region.
Potential to applications of the present results may include the following: In order to predict a reliable SST change that is indicative of the initiation of an El Niño-Southern Oscillation (ENSO) event, the net surface heat flux must be known to an accuracy of 10 W m -2 (Godfrey et al. 1991 ). The net heat budget is the sum of radiation, SHF, and LHF. Each of these fluxes has to be estimated as accurately as possible to provide a precise heat budget. The present study suggests that an increase in the radar echo area ratio by 20 percent leads to increases in SHF and LHF by about 11 and 30 W m -2 , respectively (Fig. 6 ). Since the precipitation systems that enhance the surface fluxes, however, are not resolved in GCMs and coupled atmosphere-ocean models, their effects on the surface fluxes need to be included through surface flux parameterizations. Several studies have attempted to develop parameterizations by considering convection-induced enhanced wind as a function of convective intensity such as rainfall and convective mass flux (e.g., Jabouille et al. 1996; Redelsperger et al. 2000; Wu and Guimond 2006) . This study, however, suggests that surface heat fluxes are enhanced through increases in airsea temperature differences as well as those in wind speed. In order to predict surface SHFs more accurately, the effects of air temperature drops should be included. Although the present study has found a clear relation between the radar echo area ratio and enhanced surface fluxes (Subsection 3.4), a parameter that characterizes convective activity in GCMs is usually precipitation rate. We plan to derive a relation between the surface fluxes and the precipitation rate estimated from radar data in near future. In addition, more quantitative estimate of surface heat flux enhancements including the air-sea temperature difference needs to be addressed through a combination of observational and numerical studies. metrically corrected satellite images were taken from weather satellite image archive of Kochi University (http://weather.is.kochi-u.ac.jp), courtesy of Kitsuregawa laboratory (Institute of Industrial Science, The University of Tokyo), and the Japan Meteorological Agency. Some of the graphs were plotted using Grid Analysis and Display System (GrADS) developed at the Center for Ocean-LandAtmosphere Studies (information available online at http://grads.iges.org/grads), and Gnuplot (information available online at http://www.gnuplot. info/).
Appendix A Procedure to determine the mixed layer depth from radiosonde data
There are several methods to determine the mixed layer depth based on radiosonde data: to use 1) only a potential temperature profile (e.g., Jalickee and Ropelewski 1979) ; 2) only a specific humidity (or mixing ratio) profile (e.g., Fitzjarrald and Garstang 1981); 3) both potential temperature and specific humidity profiles (e.g., Johnson et al. 2001) ; and 4) only a virtual potential temperature profile (e.g., Takemi 2000) . Fitzjarrald and Garstang (1981) used a cubic spline method and fitted an observed specific humidity profile to a slightly smoothed curve. When the derivative of the smoothed specific humidity profile first became equal to or less than -0.1 g kg -1 hPa -1 for two consecutive 2 hPa levels, this level was defined as the mixed layer depth, where the search was made upward from the surface. Johnson et al. (2001) identified the mixed layer depth as the level at which potential temperature θ exhibits an abrupt increase with height (following a nearly constant θ below) and specific humidity q exhibits a sharp decrease with height (following a gradual decrease or constant value below).
Although Fitzjarrald and Garstang (1981) determined the mixed layer depth only from profiles of specific humidity, it is generally very difficult to do this with confidence. A number of researches indicated that specific humidity is often not well mixed in the boundary layer even though potential temperature is well mixed (e.g., Donelan and Miyake 1973; Nicholls and LeMone 1980; Johnson et al. 2001) . Mahrt (1976) noted that the entrainment moisture flux at the top of the boundary layer acts to dry the boundary layer, while the moisture flux at the surface tends to moisten the boundary layer, thus creating a vertical gradient of moisture which survives against mixing. This tendency to generate gradient for moisture is different from that for potential temperature, for which both the surface flux and the entrainment flux act to warm the boundary layer. Wyngaard and Brost (1984) also suggested that the vertical gradient of the mixing ratio of a scaler in the convective boundary layer is subject to top-down and bottom-up diffusion. Thus, it seems difficult to determine the mixed layer depth from only a profile of specific humidity. In this paper, both profiles of potential temperature and mixing ratio are used to determine the mixed layer depths, although the mixing ratio profiles are used for the supplemental judgement.
We have developed a subjective criterion for defining the mixed layer depth based on radiosonde data. The radiosondes record meteorological elements every 2 seconds. Since their ascending velocity is about 5 m s -1 , the data interval is about 10 m. Using radiosonde data, we have calculated a 20 seconds running mean 
over about 60 m is calculated, where z is altitude. First, the lowest level above 200 m MSL to satisfy the condition N 2 ( j ) ≥ 0.5×10 -4 s -2 is obtained as the first guess of the mixed layer depth. The mixed layer depth determined in this way, however, gives an erroneous result occasionally, especially when the mixed layer depth is in the range between 200 and 300 m MSL. Thus, the profiles of mixing ratio and potential temperature are checked by eye observation. If the profiles do not show a typical structure of a mixed layer, no value is assigned for the mixed layer depth.
